The bispectral index (BIS) has been developed in adults and correlates well with clinical hypnotic effects of anesthetics. We investigated whether BIS reflects clinical markers of hypnosis and demonstrates agent doseresponsiveness in infants and children. In an observational arm of this study, BIS values in children undergoing general anesthesia were observed and compared with similar data collected previously in a study of adults. In a second arm of the study, a range of steadystate end-tidal concentrations of sevoflurane was administered and corresponding BIS documented. Data were examined for differences between infants (0 -2 yr) and children (2-12 yr). No difference was seen in BIS values in children before induction, during maintenance, and on emergence compared with adult values. There was no difference in BIS between infants and children at similar clinical levels of anesthesia. In children and infants, BIS was inversely proportional to the endtidal concentration of sevoflurane. The sevoflurane concentration for a BIS ϭ 50 (95% confidence interval) was significantly different: 1.55% (1.40 -1.70) for infants versus 1.25% (1.12-1.37) for children. Although validation with specific behavioral end points was not possible, BIS correlated with clinical indicators of anesthesia in children as it did in adults: as depth of anesthesia increased, BIS diminished. BIS correlated with sevoflurane concentration in infants and children. The concentration-response difference between infants and children was consistent with data showing that minimum alveolar concentration is higher in children less than 1 yr of age. Implications: The use of bispectral index (BIS) during general anesthesia improves the titration of anesthetics in adults. The data from this study suggest that the same equipment and method of electroencephalogram analysis may be applied to infants and children.
The bispectral index (BIS) has been developed in adults and correlates well with clinical hypnotic effects of anesthetics. We investigated whether BIS reflects clinical markers of hypnosis and demonstrates agent doseresponsiveness in infants and children. In an observational arm of this study, BIS values in children undergoing general anesthesia were observed and compared with similar data collected previously in a study of adults. In a second arm of the study, a range of steadystate end-tidal concentrations of sevoflurane was administered and corresponding BIS documented. Data were examined for differences between infants (0 -2 yr) and children (2-12 yr) . No difference was seen in BIS values in children before induction, during maintenance, and on emergence compared with adult values. There was no difference in BIS between infants and children at similar clinical levels of anesthesia. In children and infants, BIS was inversely proportional to the endtidal concentration of sevoflurane. The sevoflurane concentration for a BIS ϭ 50 (95% confidence interval) was significantly different: 1.55% (1.40 -1.70) for infants versus 1.25% (1.12-1.37) for children. Although validation with specific behavioral end points was not possible, BIS correlated with clinical indicators of anesthesia in children as it did in adults: as depth of anesthesia increased, BIS diminished. BIS correlated with sevoflurane concentration in infants and children. The concentration-response difference between infants and children was consistent with data showing that minimum alveolar concentration is higher in children less than 1 yr of age. Implications: The use of bispectral index (BIS) during general anesthesia improves the titration of anesthetics in adults. The data from this study suggest that the same equipment and method of electroencephalogram analysis may be applied to infants and children. T he BIS monitor (Aspect Medical Systems, Natick, MA) uses a form of processed cortical electroencephalogram (EEG) to quantify the hypnotic effects of anesthetic drugs. This device uses both Fourier transformation and bispectral analysis to compute a single number, the bispectral index (BIS) which ranges from 100 (awake) to 0 (isoelectric EEG) (1, 2) . BIS has been validated as a measure of anestheticinduced sedation and hypnosis in adult volunteers (3, 4) and patients (5) (6) (7) (8) (9) . Children and infants may benefit as well from this new technology; however, it is unclear whether the adult equipment and adult BIS algorithm can be applied to pediatric patients. The EEG of the newborn is different from that of the adult (10 -12) , with brain maturation and synapse formation still proceeding until the age of 5. Pediatric data are simply not available regarding the EEG changes produced by most anesthetics.
Validation of BIS poses significant problems in infants and young children. We cannot rely on a simple response to voice command as a "gold standard" for sedation or sleep, and other clinical end points can sometimes be ambiguous. In babies, it can be difficult to distinguish purposeful actions from nonspecific startle responses. Because it is not possible to ask normal children to volunteer for a study of general anesthesia, we must use surgical patients and thereby introduce the variable of surgical stimulation. Despite these shortcomings, we believe it is feasible to describe clinical markers of sedation and hypnosis in pediatric surgical patients and to measure average BIS values under defined conditions. We specifically propose the following two hypotheses:
1. BIS values obtained before anesthesia, during maintenance, and at emergence will be similar to those reported for adults. 2. Increasing concentrations of a general anesthetic will produce a dose-related decrease in BIS over the range used for clinical anesthesia.
We tested the first hypothesis by observing BIS during routine general anesthetics involving infants and children. BIS was recorded at various clinical endpoints, but the information was never shared with the person giving anesthesia. The data were compared with historical adult "controls," because we had previously measured the average values for BIS at similar case milestones in adult patients (6) . After determining that there were no large or consistent differences in BIS responses in the pediatric population, we tested the second hypothesis by relating BIS to specific endtidal concentrations of sevoflurane.
Methods
After institutional approval and informed consent, 77 pediatric patients were studied under the two protocols. Fifty-five patients were initially observed with BIS measurements made throughout an unrestricted general anesthetic. In the second protocol, 22 infants and children were anesthetized with various end-tidal concentrations of sevoflurane in nitrous oxide (50%-60%) and oxygen, and BIS measurements were made at each concentration. Patients were considered eligible for enrollment in either protocol if they were between 1 mo and 12 yr old, ASA physical status I or II, and scheduled for elective surgery requiring general anesthesia. Patients having cardiovascular, major vascular or neurosurgical procedures were excluded, as were those with large anticipated fluid shifts or body temperature changes. Patients were also excluded if they had significant cardiovascular, respiratory, or neurologic disease or if they were taking chronic medications known to affect the EEG.
BIS was measured on an Aspect Medical Systems Model A1050 EEG monitor by using commercially available, disposable BisSensor strips (Aspect Medical Systems) designed for use in adults. The strip uses three gel electrodes, two active, one ground. Placement on the forehead approximated the recommended placement in adults, i.e., the proximal lead was above the nasion, and the distal lead was midway between the tragus of the ear and the outer canthus of the eye. No additional skin preparation was used, but the impedance of each electrode was Ͻ2 k⍀ (ground, Ͻ10 k⍀). BIS version 3.3 was recorded continuously. The smoothing window was set at 15 s and the update rate at 2 s. The algorithm within the BIS monitor sets limits for electrode impedance and signal quality, and no BIS value is displayed if the signal has too much noise or artifact. We accepted the limits set in the monitor: if the BIS was displayed, it was recorded.
An initial group of 55 patients had BIS recorded during routine general anesthetics. Sedative-hypnotic drugs used included methohexital, propofol, sevoflurane, isoflurane, desflurane, nitrous oxide, and diazapem. The choice of drugs, the method of airway management, and the administration of opioids, local anesthetics, and neuromuscular blockers were at the discretion of the primary anesthesia caregiver. During the observational protocol, the BIS was recorded, but the anesthetist was not aware of the BIS value. This was done to ensure that the BIS value was not used to guide the conduct of the anesthetic. Study personnel recorded BIS either manually (36 patients) or by using a commercially available software program (Datalogger, Aspect Medical Systems) (19 patients). BIS values were analyzed for three prospectively-defined case milestones: before the induction of anesthesia, during maintenance, and at emergence from anesthesia. In addition, a "nadir BIS," the lowest BIS value occurring within the 10-min period after the induction of anesthesia, was recorded. Maintenance was defined as the period starting 5 min after the nadir BIS until the hypnotic was turned off. Emergence was defined as the time when any of the following first occurred: 1) eyes open spontaneously, 2) crying or phonating, or 3) purposeful movements. Comparison values for BIS in adults at the same clinical end points were obtained from data recorded previously in 26 adults (6) at this institution. In that study, BIS was recorded in a blinded fashion and subsequently correlated with clinical findings in adults undergoing general anesthesia with propofol, alfentanil, and nitrous oxide.
Pediatric subjects were stratified into two groups based on age, infants (0 to 2 yr) and children (Ͼ2 to 12 yr), to assess if there were significant differences in BIS between infants and children as well as between pediatric and adult patients. Mean BIS and standard deviation were assessed at each milestone and compared by using Student's two-tailed t-test for significance. During the maintenance phase, the mean BIS was calculated as a weighted average from readings taken every 5 min during this period of the study. To minimize bias, clinical end points were judged by study personnel who were not aware of the BIS value.
Power to detect a difference of 10 units in BIS at each milestone was evaluated retrospectively by using a two-sided test with significance level of 0.05.
Twenty-two patients (11 infants and 11 children) were studied while receiving sevoflurane as the primary anesthetic, and BIS measurements were recorded at five steady-state end-tidal concentrations of sevoflurane. No premedication was given. Anesthesia was induced with sevoflurane by mask in 60% N 2 O/O 2 or with a single bolus dose of propofol IV. BIS measurements were delayed for a minimum of Because intense surgical stimuli can increase BIS, we attempted to make our measurements during periods of relatively low surgical stimulus. Four readings of BIS at each end-tidal sevoflurane concentration were recorded at 30-s intervals; BIS readings were rejected as "unstable" if the BIS varied by more than 10 units during any 30-s interval. The process was then repeated with target sevoflurane concentrations of 3.0%, 2.0%, 1.5%, 1.0%, and 0.5% in sequence. The BIS was not available to the anesthetist or used to guide the administration of anesthesia. After the completion of data collection, the conduct of the anesthetic was at the discretion of the anesthetist. Again, subjects were stratified into two groups based on age: 0 to 2 yr, and 2 to 12 yr. A prospective power analysis was done before initiation of the trial and 11 subjects per group were deemed necessary to show a 10-point BIS difference between adults and children or infants (␣ ϭ 0.05 and ␤ ϭ 0.8). Mean BIS and standard deviation were determined at each concentration of sevoflurane. A semi-logarithmic plot of sevoflurane concentration versus BIS was generated, and data were fit to an inhibitory sigmoid Emax model:
by using a commercial nonlinear regression program (SlideWrite Plus 3.0; Advanced Graphics Software, Sunnyvale, CA). E 0 was specified to be 100, and the scale factor (gamma) was set at 1. Although we could not use much larger doses, it is fairly certain that BIS will become 0 at a sufficiently high concentration of sevoflurane, so E max was constrained to 100. The EC 50 is the sevoflurane concentration corresponding to half-maximal effect (a BIS of 50), and this value was estimated, with 95% confidence intervals, for each group.
Results
All enrolled patients completed the study. All data collected from the studied patients are presented here; however not all endpoints could be assessed for each patient. Patients ranged in age from 1 mo to 12 yr, and the demographics are listed in Table 1 . BIS responses during general anesthesia were observed in infants and children and compared with values measured in adults. We were able to measure awake BIS in 26 unpremedicated pediatric patients. In both pediatric and adult populations, awake BIS values were between 90 and 100, then decreased precipitously after induction. BIS values usually increased from this nadir during maintenance, then increased rapidly during emergence. BIS values for case milestones are reported as mean Ϯ sd and are presented in Table 2 .
No difference between unpremedicated children and adults is seen in BIS values before the induction, during maintenance, or at emergence. BIS nadir is lower in children than adults, and this difference is statistically significant. This sample size had power Ͼ90% to detect a true difference in BIS of 10 units at all 4 comparison points. When the data are stratified by age, infants and children do not have significantly different BIS values at case milestones ( Figure 1) ; however, statistical power is reduced to Ͻ70% by the smaller sample sizes.
Four children received rectal methohexital before the induction. Compared with unpremedicated children, those premedicated with the barbiturate had significantly smaller BIS values before the induction and at emergence. These data are presented in Figure  2 . All 22 subjects were able to complete the concentration-response protocol, although not all data points were obtained for every patient. Figure 3 shows the individual data relating BIS to measured end-tidal concentration of sevoflurane. Each point is the average of four readings over 2 min. BIS decreased monotonically in both infants and children as the concentration of sevoflurane increased (Figure 3) . Full axis curves are displayed in this figure, but care must be taken not to extrapolate beyond the available data points. As stated in Methods, it is quite possible that the EEG would actually be isoelectric (BIS ϭ 0) at a sevoflurane concentration of 10%.
When infants and children are compared, the EC 50 of sevoflurane was slightly greater in infants than in children. This difference was statistically significant (P Ͻ 0.05), and the data are shown in Table 3 . There was no difference in the amount of opioids or muscle relaxants administered.
Discussion
We found that BIS values in awake and anesthetized children and infants were comparable to values in adults, whether comparing with adults receiving an IV anesthetic (3, 5, 6) or an inhaled anesthetic (7). This was expected, but not known, as EEG findings are different in children and infants when compared with adults. If it had been shown that BIS levels were systematically different from the pediatric, use of the BIS monitor would have required "recalibrating." The creation of the adult BIS algorithm was done empirically with a huge database, and this would have been extremely difficult to reproduce in children. Also, in the adult population behavioral and recall studies were done. These are not possible in children, leaving us to rely on less specific clinical indicators. In these typical, uncontrolled general anesthetics, the awake values were in the 90 to 100 range, and the maintenance values were usually 40 -50, just as we see in adults. As expected, methohexital premedication produced substantial sedative effects, and this was reflected in lower BIS values. In our study, the youngest subject was five weeks old; yet even this infant had an apparently "adult" response.
One important difference between our pediatric and adult data is the use of inhaled vs IV induction of anesthesia. In the observational arm of this study, the majority of children had an inhaled induction, usually with 4%-8% sevoflurane. The adult patients all received 1-2 mg/kg of propofol for the induction of anesthesia. The BIS reached a considerably lower nadir in the children, and this may reflect a relatively greater hypnotic effect or the occurrence of EEG suppression with the large concentrations of sevoflurane. The inverse relationship of BIS to the end-tidal sevoflurane concentration was monotonic over the range tested. This relationship was similar to the sevoflurane dose-response reported in adults (7) . In that study, the sevoflurane was administered in oxygen, and the BIS at sevoflurane 0.5% end-tidal was slightly higher than we found. However, the relationship of BIS to sevoflurane 2.0% end-tidal was essentially the same. This difference was minimal and could be accounted for by the use of nitrous oxide. The data scatter and use of different curve-fitting models make it impossible to determine whether the difference is significant.
Although it is not readily apparent in Figure 3 , in four of the subjects, BIS was increased slightly when the end-tidal sevoflurane levels were 4% as opposed to 3%. We have no explanation for this, but this "near suppression" phenomenon has been reported previously in patients receiving large concentrations of volatile anesthetics (13) or undergoing hypothermia (14, 15) .
We also demonstrated that increased end-tidal levels of sevoflurane were required to achieve a given BIS in infants than in older children. The same age-related difference has been demonstrated previously for halothane minimum alveolar concentration (16, 17) . It appears that measurement of analgesia with minimum alveolar concentration and hypnosis with BIS are both valid ways to investigate anesthetic requirements in infants and children.
The practice of anesthesia in children is different from that in adults. Traditionally, pediatric anesthetists have relied more on volatile anesthetics than on a nitrous-opioid technique. It is possible that pediatric patients could benefit from techniques that have gained wide acceptance in adult anesthesia: the use of much smaller concentrations of volatile anesthetics for hypnosis and moderate doses of opioids for analgesia. With a monitor such as the BIS, there is some basis for titrating to hypnotic end points in children, and techniques such as these may be evaluated objectively. In this preliminary investigation, BIS appears to provide accurate clinical information in children and shows promise for use in pediatric anesthesia practice in similar ways to its use in adults. 
